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Abstract 
The paper considers the flow and heat transfer in coolant flows cooling the fuel rod bundles of nuclear reactors with modified cell-type 
spacer grids. The spacer grids were developed by JSC Mashinostroitelny Zavod, Elektrostal, and differ from standard grids in the inclination 
of the corrugations that contact the fuel cladding outer surface. The coolant flow inside such cells leads to tangential components of the 
velocity vector formed inside the flow with an orientation in accordance with the corrugation inclination direction. By arranging geometrically 
different or identical cells within the grid array, it is possible to generate different secondary flows in the rod bundles downstream of the 
grid. The paper considers spacer grids that generate two types of secondary coolant flows: around the fuel rods and between the rod rows. 
The investigation was based on computational fluid dynamics methods with the calculation results validated against aerodynamic test data. 
Mechanisms of the secondary flow formation downstream of the grids have been described, and the intensities thereof have been quantitatively 
estimated. Data is presented on the grid flow resistance coefficients at different Reynolds numbers both in conditions of a weakly compressed 
isothermal air flow and with parameters representative of the VVER-1000 reactor primary coolants. Intensification of the coolant mixing 
downstream of the spacer grids was analyzed by a thermal wake method for different boundary conditions. A conclusion has been made 
that the modified cell-type spacer grids can be used for and are efficient in flattening temperature non-uniformities in the coolant flow due 
to creating a directed convective transport. 
Copyright © 2016, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by 
Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
Keywords: Spacer grid; Reactor core; Fuel rod; Intensification of mixing; Secondary flows; Computational fluid dynamics. 
I
 
t  
r  
o  
s  
i  
c  
d  
c  
i  
M
a  
p
 
c  
c
 
 
 
 
h
2
Bntroduction 
The power of water-cooled water-moderated nuclear reac-
ors cannot be increased without requirements to ensuring safe
eactor operation under conditions of increased thermal load
n the reactor core fuel rods to be complied with. High den-
ities of heat fluxes from the fuel rod surfaces, and hydraulic
nequality of the coolant circulation lines in the reactor core
aused, among other factors, by the presence of local hy-
raulic resistances, may lead to a local overheating of the
oolant, its surface boiling, and burnout, which is hazardous
n terms of mechanical degradation of the fuel cladding with∗ Corresponding author. 
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452-3038/Copyright © 2016, National Research Nuclear University MEPhI (Mos
.V. This is an open access article under the CC BY-NC-ND license ( http://creati subsequent cladding failure and escape of radioactive fission
roducts into the circulation circuit [1] . 
The factors that trigger burnout in the cores of water-
ooled water-moderated reactors, when their power is in-
reased, can be avoided by: 
– Maintaining the correspondence between the cooling con-
ditions for individual fuel rods and the amount of heat
released therein (by means of physical fuel profiling). 
– Flattening the coolant velocity and temperature fields in
the coolant flow, which provides for identical fuel cooling
conditions in different core areas. 
The latter has been implemented in fuel assemblies of
oreign-made reactors using special mixers in the form of
eflectors or mixing vanes introduced into the fuel spacer
rid design [2,3] . Activities to design such devices forcow Engineering Physics Institute). Production and hosting by Elsevier 
vecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. Modified cell-type spacer grids designed by JSC Mashinostroitelny Zavod: (a) a spacer grid with secondary coolant flows around the fuel rods; (b) a 
spacer grid with secondary flows between the fuel rod rows а ) = a); б ) = b). 
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a  Russian reactors have led to the development of cell-type [4]
and plate-type [5] mixing grids installed into the fuel rod
bundles between the standard grids, with no elastic contact
between the fuel cladding and the mixing grids. 
Subject and method of investigation 
The paper considers the possibility for intensifying the
mixing in the coolant flow through installation of the modified
cell-type spacer grids developed by JSC Mashinostroitelny
Zavod, Elektrostal, Russia, [6,7] inside of fuel element bun-
dles. The modified spacer grids differ from standard grids in
that they have elastic corrugations on the spacer grid cells
contacting the fuel cladding, which are arranged not in par-
allel with the fuel element axis, as in the case of standard
spacer grids, but at an angle to it. The outlet cell section has
a tilt of 60 ° relative to the inlet section, this making it pos-
sible to avoid straight through channels in the intercell grid
space ( Fig. 1 ). This technologically sound solution enables
the flow mixing downstream of the grids to be intensified not
only through the flow turbulence, but also thanks to the for-
mation of velocity components in the direction perpendicular
to the main coolant flow (directed convective transport). 
Inside the cells, the coolant flows in parallel channels
formed by the fuel cladding outer surface and the cell in-
ner surface, and separated one from another by corrugations.
Therefore, as it reaches the outlet of the modified cell-type
spacer grid cell, the flow acquires tangential velocity com-
ponents with an orientation in accordance with the direction
of the corrugation inclination [7] . By arranging the cells with
differently directed inclination angles within the spacer grid
array, it is possible to generate certain secondary flows in-
side the fuel rod bundle downstream of the spacer grid. The
length of the cells, the number of the corrugations and the
corrugation inclination angle will define the coolant vortex
intensity inside individual cells, and, therefore, the intensity
of secondary flows [8] . 
Two options are considered for the modified cell-type
spacer grids: – a spacer grid formed by cells with identical corrugation in-
clination angles ( Fig. 1 a) that generates secondary coolant
flows around the fuel rods (vortex-type); 
– a spacer grid formed by cells arranged in alternating
rows with different corrugation inclination angle directions
( Fig. 1 b) that generates secondary coolant flows between
the rod rows. 
Both grid modifications have 30 mm high cells with three
orrugations on their side surface, having an inclination angle
f + 20 ° (the spacer grid with secondary coolant flows around
he fuel rod) and ± 20 ° (the spacer grid with secondary flows
etween the rod rows) relative to the cell axis. Analyzed are
9-cell fragments of spacer grids without a rim (see Fig. 1 )
nstalled in a 19-rod bundle. The bundle has a length of 1 m
nd consists of VVER-1000 reactor fuel rod simulators with a
iameter of 9.1 mm, arranged in a regular triangular package
ith a pitch of 12.7 mm. The fuel bundle, containing a frag-
ent of the analyzed spacer grid, is enclosed in a hexagonal
hroud with an internal flat-to-flat dimension of 57.5 mm. 
The flow and heat transfer in the fuel bundles were stud-
ed based on computational fluid dynamics methods using
he STAR-CCM + software package [9] . The mathematical
odel used in the calculations is based on averaged contin-
ous medium motion and energy equations closed by a non-
inear (quadratic) turbulent viscosity k - ε-model and an eddy
randtl number model [8] . 
esults 
Secondary vortex flows with an orientation in accordance
ith the corrugation inclination direction are generated around
ach fuel rod at the spacer grid cell outlet. The representative
alue of the radial velocity in these flows constitutes about
5% of the flow-average velocity value in the fuel bundle.
ll flows downstream of the spacer grid with no alternating
ell rows are directed counterclockwise ( Fig. 2 a), this caus-
ng eddies, rotating oppositely (clockwise), to form inside the
riangular subchannels between three adjacent rods. Besides,
n annular flow emerges between the peripheral fuel rod row
nd the shroud, which has the same direction as the flow
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Fig. 2. Secondary flows downstream of the modified cell-type spacer grids: (a) around the fuel rods; (b) between the fuel rod rows а ) = a); б ) = b). 
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Table 1 
PDC for the modified cell-type spacer grids. 
Spacer grid with secondary coolant flows around fuel rods 
Re 6.29 ·10 4 5.11 ·10 4 3.94 ·10 4 
Calculation 0 .695 0 .691 0 .706 
Experiment 0 .715 0 .673 0 .718 
Deviation, % −2 .8 + 2 .7 −1 .7 
Spacer grid with secondary coolant flows between rod rows 
Re 6 .37 ·10 4 5 .14 ·10 4 4 .05 ·10 4 
Calculation 0 .706 0 .713 0 .719 
Experiment 0 .725 0 .704 0 .757 
Deviation, % −2 .6 + 1 .3 −5 .0 
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onditions ( Fig. 2 a). 
The vortex flows around the fuel rods, which provide for
he interchannel exchange, die away intensively due to the
echanisms of viscous friction on the rod surfaces and to
he interaction with each other: when the Reynolds number
s 4 ·10 4 , they nearly degenerate at a distance of 80 mm (8
ydraulic diameters) downstream of the spacer grid; with the
eynolds number increased to 5 ·10 5 , the die-away distance
s about 140 mm (14 hydraulic diameters). The vortex flows
nduced in subchannels die away less intensively: the trans-
erse velocity value therein reaches 1–2% of the flow-average
elocity value at a distance of 250 mm (25 hydraulic diame-
ers) from the spacer grid. The transverse annular flow near
he shroud is the most stable flow: at a distance of 250 mm
ownstream of the spacer grid, the relative transverse velocity
n this region reaches 5–7%. 
Downstream the spacer grid with alternating cell rows, the
eripheral components of the velocities between the adjacent
od rows are codirectional. This leads to differently directed
econdary flows in the rod rows quite at a distance down-
tream of the spacer grid ( Fig. 2 b). The intensity of sec-
ndary flows decreases with the distance to the spacer grid
nd slightly increases as the Reynolds number grows in a
ange of values from 1 ·10 4 to 5 ·10 5 . Thus, the typical value of
he transverse velocity between the adjacent rod rows, related
o the flow-average velocity in the fuel bundle, is 10–12% at
 distance of 100 mm (10 hydraulic diameters) downstream of
he spacer grid, and 5–7% at a distance of 300 mm (30 hy-
raulic diameters) downstream of the spacer grid. Secondary
ows with an orientation in accordance with the flow vortex
irection in the cells adjoining the shroud are observed along
he shroud walls that are parallel with the spacer grid cell
ows. Alternating convergent and divergent secondary flows
merge along the rest of the walls in the gaps between ad-
oining rods. 
The pressure drop coefficient (PDC) of the grids was an-
lyzed for the range of the Reynolds number values of 4 ·10 4 
o 6 ·10 4 , given there is an air flow in the bundle, which cor-
esponds to the conditions of the aerodynamic tests on phys-
cal models of the modified cell-type spacer grids conducted
t MSTU’s Department of Nuclear Reactors and Plants. Thealculation and test results are presented in Table 1 . The non-
onotonic behavior of the experimentally confirmed spacer
rid PDC dependence is explained by the air flow compress-
bility effects at the Reynolds numbers of ∼6 ·10 4 correspond-
ng to the Mach numbers of ∼0.25. As can be seen from the
able, the alternating rows affect just slightly the PDC value,
hile the PDC in the event of the spacer grid with secondary
oolant flows between the fuel rod rows is a bit higher than
hat for the spacer grid with secondary flows around the rods,
ith the Reynolds numbers for both being close. A predic-
ion calculation yields the modified spacer grid PDC value
f about 0.5 for the Reynolds numbers corresponding to the
ow conditions in the VVER-1000 reactor core (Re ∼5 ·10 5 ).
o influence of the spacer grid rim, which prevents leakage
etween the spacer grids and the shroud, on the PDC value
as considered in the given study. 
The effects of the secondary flows generated by the mod-
fied cell-type spacer grids on the coolant mixing in the fuel
od bundles was analyzed using a thermal wake method:
 temperature non-uniformity was assumed to exist at the
undle inlet, with its deformation downstream of the spacer
rids having been further traced. Two inlet temperature non-
niformity profiles were considered. The first one was a cen-
ral axisymmetrical thermal spot with a radius equal to the
uel rod pitch ( Fig. 3 a); therefore, the temperature of the six
entral triangular subchannels was higher than that of the
ain flow. The other was a stepped profile with the left part
f the flow (relative to the vertical symmetry plane) having a
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Fig. 3. Inlet temperature non-uniformity profiles during a study of mixing in fuel rod bundles with the modified cell-type spacer grids (a darker shade indicates 
a higher temperature): (a) axisymmetrical temperature non-uniformity; (b) stepped temperature non-uniformity а ) = a); б ) = b). 
Fig. 4. Temperature distributions downstream of the modified cell-type spacer grids for the axisymmetrical temperature non-uniformity (a darker shade indicates 
a higher temperature): (a) a spacer grid with secondary coolant flows around the fuel rods; (b) a spacer grid with secondary coolant flows between the rod 
rows а ) = a); б ) = b). 
Fig. 5. Temperature distributions downstream of the modified cell-type spacer grids for the stepped temperature non-uniformity (a darker shade indicates a 
higher temperature): (a) a spacer grid with secondary coolant flows around the fuel rods; (b) a spacer grid with secondary coolant flows between the rod rows 
а ) = a); б ) = b). 
 
 
 
 
 
 
 
 
 
 
 
p  
s  
(  
s  
3
 
d  
t  
h  
v  
o  
r  higher temperature ( Fig. 3 b), and the right one having a lower
temperature. The vertical symmetry plane was perpendicular
to the direction of the secondary flows downstream of the
spacer grid with secondary flows between the fuel rod rows. 
The presented results are for the cross-sections being at a
distance of 300 mm from the grid outlet area. In the event of
the axisymmetrical temperature non-uniformity downstream
of the spacer grid with secondary coolant flows around the
fuel rods, the temperature maximum was localized at the
fuel bundle center, with the temperature point diffusion to-
wards the peripheral fuel rod row ( Fig. 4 a). Downstream of
the spacer grid with alternating cell rows, two temperatureeaks are formed, each with a shift from the axis towards the
econdary flows to a distance equaling two fuel rod pitches
 Fig. 4 b). The maximum temperature non-uniformity down-
tream of the spacer grids of both types decreases by about
0% less. 
In the event of the stepped temperature non-uniformity
ownstream of the spacer grid with no alternating cell rows,
he central part of the bundle has the boundary between the
ot and cold flows diffused, while the flow inlet temperature
alues beyond this boundary are constant ( Fig. 5 a). The width
f the mixing area may be estimated as equaling two fuel
od pitches. In the region near the shroud, the mixing area
V.G. Krapivtsev et al. / Nuclear Energy and Technology 1 (2015) 153–157 157 
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[oundary has a shift relative to the vertical symmetry plane
ue to a counterclockwise annular transverse flow. Down-
tream of the spacer grid with secondary coolant flows be-
ween the fuel rod rows, the hot and cold flows mix inten-
ively, with the interpenetration depth being equal to a half-
idth of the fuel bundle ( Fig. 5 b) However, the intensity of
he mass exchange in the direction perpendicular to the sec-
ndary flows is not great, leading so to the formation of re-
ions between the fuel rod rows where the temperature retains
ts inlet value. 
onclusions 
1. A numerical study has been conducted to investigate the
flow and heat transfer in a 19-rod fuel bundle with the
modified cell-type spacer grids designed by JSC Mashinos-
troitelny Zavod that generate secondary coolant flows
around the fuel rods (vortex-type) and between the rod
rows. Calculations were performed using a mathematical
model based on averaged continuous medium motion and
energy equations closed by a non-linear turbulent viscosity
model and an eddy Prandtl number model. 
2. It has been shown that the spacer grid cells arranged in al-
ternating rows with corrugations having an inclination to-
wards the rod axes generate differently directed secondary
flows between the rod rows in the fuel bundle down-
stream of the spacer grid. The grid-induced flow vortex,
with the grid array consisting of identical cells, generates
vortex structures inside individual subchannels and a high-
intensity annular transverse flow between the shroud and
the peripheral rod row. 
3. The grid cells arranged in alternating rows affect just
slightly the spacer grid PDC value equaling, in the event of
19-cell spacer grids, about 0.7 when Re is ∼5 ·10 4 , and to
about 0.5 when Re is ∼5 ·10 5 . The PDC calculation results
were validated against aerodynamic test data. 
4. The intensification of the flow mixing by the modified
cell-type spacer grids was analyzed using a thermal wake
method with the formation at the grid inlet of axisymmetri-
cal and stepped temperature non-uniformities. The axisym-
metrical temperature non-uniformity is effectively reduced 
by the spacer grids of both types, but, in the case of the
spacer grid with secondary coolant flows between the rod
rows, the temperature maximum has a shift in the direc-
tion of the secondary flows. When the temperature non-
uniformity is stepped, the mixing intensity, as estimatedfrom the interpenetration depth of the hot and cold flows,
is higher downstream of the spacer grid with secondary
flows between the rod rows, with the maximum tempera-
ture non-uniformity locally retaining its initial value down-
stream of both spacer grids. 
5. High efficiency of using the modified cell-type spacer
grids for flattening the temperature non-uniformities in the
coolant flow may be achieved through the spacer grids of
different types (with secondary flows around the fuel rods
and between the rod rows) to be installed in the fuel bun-
dles, or by means of creating a differently directed convec-
tive transport by giving a mutual 60 °- or 120 °- tilt to the
successively installed spacer grids with secondary flows
between the rod rows. 
The authors express their acknowledgement to the staff of
SC Mashinostroitelny Zavod for their technical support to
he experimental activities performed at MSTU’s Department
f Nuclear Reactors and Plants to study the performance of
he modified cell-type spacer grids. 
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